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Abstract 
The issues of climate change and global warming have thrown new challenges for the society. Sustainable development and low-
carbon economic are on the global agenda with regard to the environmental problems. The manufacturing processes, as one of the 
substantial resource consumers and emission sources, have been poorly investigated in terms of carbon emission. To meet the 
increasing requirement of practical low-carbon thinking in manufacturing, a systematic approach is proposed to assess the carbon 
emissions in production systems by using a hybrid emission analysis model. Subsequently, procedures for production planning and 
operation of low-carbon production systems are offered in response to the new changes. 
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1. Introduction 
The growing energy and resource consumption of the 
world has led to concerns about the economic 
development in countries [1]. According to the 
International Energy Outlook 2010 on world energy 
statistic compiled by the U.S. Energy Information 
Administration, the global energy related CO2 emissions 
are estimated to be 43% higher in 2035 than the levels in 
2007, assuming no new policies were imposed [2]. 
Manufacturing, as the backbone of industrialized 
society, is one of the main energy consumers and 
greenhouse gas (GHG) contributors [3-4]. The industrial 
production activities contribute over 33% of total 
emissions and more than 40% of total energy 
consumption [5]. The prediction of increasing carbon 
emissions has led to changes in economic society, e.g. 
the consensus of calling for sustainable development has 
emerged since several years ago and sustainability has 
become an increasing guiding principle [3]. In industrial 
area, a wide range of efforts have been made by 
manufacturing companies to guarantee the intense 
international competition in a context of sustainable 
development [1], [3-4], [6-7].  
In recent years the term of “low carbon” is widely 
used in public media and industrial reports [8-10]. In 
EU, the European Commission is making the transition 
to a low-carbon society and has published its “Roadmap 
for moving to a competitive low carbon economy in 
2050”. Emission reduction is one of the most important 
tasks in the roadmap [8]. In UK, emissions derived from 
industrial activities are traced and calculated, and the 
“Low Carbon Industry Strategy” was published in 2009 
to reduce the carbon emissions in industry [9]. Other 
market-based policies in countries – e.g. the Emissions 
Trading System (EU ETS), carbon labeling instruments 
and carbon taxation - have already had a remarkable 
impact on the emission strategy of companies [11-12]. 
Furthermore, a series of concrete emission regulations, 
introduction of CO2 certificates and Enterprise Carbon 
Accounting software have been proposed to reduce end-
use energy consumption and carbon emission during 
manufacturing [13-14]. 
Manufacturers can monitor and improve the emission 
performance of their products by analyzing emission 
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impacts for all life cycle stages of product. The 
production systems, in which a product is produced, is 
relatively simply for a manufacturer to formulate low-
carbon strategy and start the implementation of low-
carbon manufacturing technologies. The Carbon 
emission assessment could provide a possible 
mechanism to help companies identify the emission 
reduction opportunities in manufacturing processes [15]. 
This paper proposes a holistic approach for carbon 
emission assessment to support planning and operation 
of low-carbon production systems.  
2. Product Manufacturing and Carbon Emission  
This section starts with the introduction of product 
manufacturing in global economic system. Then the 
definitions of some emission assessment mythologies 
and their related state of the research are introduced. 
2.1. Global product manufacturing 
Many products are manufactured in global networked 
production processes. Considering that product system 
or life cycle of a product performs globally with multi-
scale sources of inputs and outputs, manufacturing can 
be studied in three systems: global close system (product 
system), intermediate open system (supplier levels) and 
local open system (actor production system) [3] (see Fig. 
1). Carbon emissions are embodied in economic flows 
due to resource consumption. The arrows in Fig. 1 show 
the directions of resource flows.  
The manufacturing in global close system is close in 
terms of economic activities. At the macroeconomic 
level manufacturing is relying on the resource as the 
basis. At the same time, manufacturing must respond to 
the environmental challenges due to extracting and using 
resource. The intermediate open system at meso level 
deals with the worldwide networked manufacturing 
systems, providing the pre-products, material and energy 
for an actor manufacturer (OEM). The local open system 
at the field level mainly refers to the manufacturing 
processes in the actor manufacturer [16]. The carbon 
emission flows embodied in a product during its life 
cycle period consist of direct and indirect carbon 
emissions originated in different product life stages 
obtained from economies in different scales. Based on 
the framework of Chen et al. about system relationship 
[17], the manufacturing system models in different 
scales are shown in Fig. 1. 
2.2. Carbon emission and the related research 
Life cycle assessment (LCA) is used widely in past 
years to address various environmental impact categories 
[6-7]. Although the emission impacts, expressed as 
Global Warming Potential (GWP), are considered as one 
part of life cycle assessments, this topic is discussed 
separately as an environmental performance indicator for 
products or production activities with great international 
attention [15], [18]. The recent term of “Carbon 
Footprint” is often used to measure the overall amount 
of emissions associated with a product life cycle [19-20]. 
According to the Greenhouse Gas Protocol (GHG 
Protocol) [21] the carbon emissions in manufacturing 
can be typically categorized into 3 scopes. Scope 1 is the 
direct emissions that are emitted into the atmosphere as 
the result of operational resource consumption of 
company directly at the production location, mostly 
emitted as process emissions in manufacturing. Scope 2 
is the emissions associated with the generation of the 
energy consumed in manufacturing, e.g. emission 
resulting from electricity energy generation. Scope 3 
refers to the embodied emissions from all other 
resources consumed by all the processes in 
manufacturing, e.g. emissions associated with pre-
products purchased from suppliers. Against the 
background introduced in section 2.1 that many products 
are produced in global networked manufacturing 
systems in modern industry, the proportion of emissions 
of scope 2 and scope 3 in product manufacturing 
becomes increasing bigger and must be taken into 
account as in-house production decreases [7], [12], [30].  
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Fig. 1. The manufacturing system model illustrating multi-scale resource and carbon circulation (Based on [17]) 
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Fig. 2. Framework of emission assessment based on the ISO standard 
The ISO 14000 series of environmental management 
standards [22] describe the principles and framework of 
LCA and can be adjusted for emission assessment in 
manufacturing (See Fig. 2). A number of concrete 
approaches have been investigated to quantify the 
carbon emissions associated with some stage of the life 
cycle of products [14-15]. Basically, these approaches 
can be divided into Input-Output analysis and process 
based analysis. Input-Output analysis was developed by 
Wassily Leontief in 1936. It focuses on disaggregating 
sector in the I-O table by using detailed but coherent 
economic information. For instance, based on the 
ecological input-output model Chen et al. calculated the 
embodied resources and emissions for the global 
economy in 2000, in which the provided global carbon 
intensity database is divided into 40 industrial sectors 
[23]. Hauschild and Hermann discussed the effects of 
globalization on environment, especially on carbon 
footprint of products in the trade between countries by 
using the environmental input-output analysis (EIOA) 
[24]. Process based analysis is a bottom-up approach, in 
which the emission sources are investigated into 
different categories for quantification by giving system 
boundary [20]. Due to lack of data for discrete 
manufacturing processes the process based analysis is 
poorly documented in terms of carbon footprint. 
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Fig. 3. Product carbon footprint of example products. (Data resource: 
[26]) 
Emission proportions at different life phases differ 
from products. The emission proportion during the 
manufacturing phase can be exemplified by looking at 
the Product Carbon Footprint (PCF) pilot project in 
Germany which is conducted by Institute for Applied 
Ecology, Potsdam Institute for Climate Impact Research 
(PIK) and the Berlin-Based think/do tank [26]. The 
project aims at providing companies and consumers with 
practical experiences on assessing carbon emission. Fig 
3 shows the carbon footprint quantification results of 
several products (bag, egg and toilet paper) investigated 
in the project. The carbon emissions of manufacturing 
phase account for the most of the emissions.  
Despite the enormous contribution of manufacturing 
activity to environmental emissions, there is a general 
lack of research on embodied carbon emission analysis 
in manufacturing stage. As a consequence the production 
optimization opportunities in terms of low-carbon are 
often not recognized. 
3. Modelling and Calculating Carbon Emission in 
Production Systems  
To plan low-carbon production systems, the emission 
intensity of production processes must be investigated. 
The definition of resource flows is a prerequisite to 
calculate carbon emission. This section introduces the 
resource flow in manufacturing and a hybrid analysis for 
carbon emission calculation. 
3.1. Resource flowchart and carbon emission 
In order to estimate the carbon emission in product 
manufacturing, the way in which the product is produced 
must be investigated. Therefore, a strong emphasis needs 
to be given to identify the system boundary and to 
describe the production system. The production system 
is viewed as a process-based architecture structured 
inside a company. Each production process can be 
further decomposed into unit process. Unit process is the 
smallest portion of a product system for which data is 
collected when performing a life cycle assessment [22].  
Carbon emission occurs accompanied with resource 
consumption. The emission account must be tracked 
from resource sites as each resource has certain 
ecological backpack [30]. Transferring this basic 
principle on a typical production system leads to three 
main type resource inputs that should be considered: 
plant resource inputs, energy resource inputs and 
material resource inputs. Plant inputs refer to the 
preliminary products, components purchased from 
suppliers and other capital goods such as equipments to 
carry out the production activities. Energy inputs are 
electricity, oil, gas, fossil fuels and other auxiliary 
energy from energy industry. Material inputs include the 
metal, glass, plastics and others from suppliers.  
The production processes need to be analyzed 
regarding all input flows. These three inputs for each 
unit process can be determined by using corresponding 
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process planning results and material tree diagram of 
product model. All these inputs must be transported by 
different type of transportation to actor’s manufacturing 
plant and to the processes in-house production.  
The detailed knowledge of the emission linked to 
different unit processes allows a more systematic 
quantification of the production emission impacts 
associated with a given product design and 
corresponding process plan. Account flowchart for 
resource consumption and the resulted carbon emission 
calculation are shown in figure 4. The detailed 
calculation steps are conducted in section 3.2.    
3.2. Hybrid calculation of carbon emission 
Integrating the advantages of input-output analysis 
and process based analysis, this paper assesses the 
carbon emission by using a hybrid analysis. The 
calculation procedure can be divided into four steps 
which can be described as follows.  
The first step is the calculation of the emissions of 
plant inputs. The inputs as pre-products (e.g. preliminary 
and intermediate products) at plant level from upstream 
processes along its supply can be traced back to their 
production economics associated with input-output 
tables for economics of various scales, in such a way the 
corresponding embodied emissions of these inputs can 
be determined and allocated into processes. As method 
the cumulative eco-intensity concept proposed in [30] 
provides a more attractive approach to measure the 
emissions of pre-products, knowing the prices and    
amounts of products bought and sold, its turnover, it 
direct impacts and the eco-intensities of its suppliers.    
To estimate the emissions of the capital goods used in 
the manufacturing at process level, the capital good 
specification could be used. The embodied emission of 
equipment for given process period is estimated 
according to the ratio of equipment working time to its 
design life. The direct emissions due to energy inputs to 
drive the equipment and the material consumption 
during operation will be explained in next steps 2 and 3.  
Secondly, the carbon emissions of material inputs 
must be calculated. The calculation is conducted 
similarly using the method in first step. If the emission 
information data from a supplier is available, preference 
shall be given to use of this data over other secondary 
data from public statistics. Secondary data shall be used 
for inputs where primary activity data have not been 
obtained. These can be supported by adding the detailed 
LCA-database (e.g. ELCD core database version II by 
European Commission [27] and the Ecoinvent Data by 
Swiss Centre for Life Cycle Inventories [28]). It should 
be noticed that specific forms of material (e.g. primary 
metals and secondary metals) have different emission 
factors and the emission factors could change 
significantly from geographical locations. 
The third step is the calculation of the emissions of 
process energy inputs. The carbon emission 
consideration should include not only the direct emission 
during the process, but also the embodied (indirect) 
emissions due to generation of the energy as electricity. 
The energy analysis could be assessed using the  
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Fig. 4. Flowchart for carbon emission calculation associated with resource consumption
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Cumulative Energy Demand (CED) method published 
by Association of German Engineers (VDI 4600) [29]. 
The direct energy use can be derived in consideration of 
the equipment specifications and their operating states 
(e.g. start-up, stand by, processing or stopping). To 
estimate the emissions due to ancillary energy 
consumption for specific manufacturing environment 
(e.g. building lighting, heating and ventilation) or by 
peripheral equipment, the energy use of the central 
systems is allocated to the individual manufacturing 
process. The plant can be considered as a number of 
zones where a zone can be defined as an area within the 
manufacturing plant with similar indirect resource 
consumption and energy requirement [25]. This kind of 
consumption can also be achieved by empirical studies.  
The last step is to calculate the emissions caused by 
transportation of all the plant, energy and material 
resource inputs. The emissions associated with the entire 
delivery journey from source to delivery point must be 
calculated. The calculation is determined by the 
locations of the sources (suppliers), transportation type 
(e.g. road, railway, oversea, etc.) and mass of the 
transported products.  
The sum of the results of these four steps is the total 
account of the carbon emissions for a given process. The 
mathematical process is shown in the following.  
Based on the system scopes introduced in section 2, 
the embodied carbon emission can be estimated in I-O 
open system (local system and intermediate open 
system) and I-O closed system (global system). The 
embodied emissions due to plant and material inputs can 
be estimated using Leontief I-O equation. The basic 
equation is given as following, where the economy is 
divided into two sectors, in which inputs to a sector are 
in the corresponding column, while the outputs from a 
sector are in the corresponding row.  
Table 1. An Input-Output table for two-sector model economy. (Based 
on Leontief equation) 
 Sector 1 Sector 2 Final 
Demand 
Total 
Output 
Sector 1 a11X1 a12X2 Y1 X1 
Sector 2 a21X1 a22X2 Y2 X2 
 
The basic equations for output by the model are:  
     11212111 XYXaXa     (1) 
     22222112 XYXaXa     (2) 
     xyAx      (3) 
Where Xj is the total output of sector j, aij is the input 
coefficient, A is the matrix of coefficients, y is the vector 
of final demands, and x is the vector of corresponding 
total outputs. These equations simply mean that sum of 
the intermediate demand and final demand equals the 
total outputs.  
Based on the equation, the emissions for produced 
value for every sector can be estimated in carbon 
emission per monetary unit. With the basic equation, it is 
possible to calculate the total amount of resources 
needed to produce x units of goods for the final 
consumption [24]. By introducing the emission factor 
(emission of CO2 per monetary unit) for each resource, 
the total emissions caused by product x can be 
calculated. The emission factor for resource can be 
achieved through the multi-scale I-O analysis in global 
or region system. The basic formula for carbon emission 
(CE) calculation associated with resource consumption 
(R) is: 
     factorQuantityCE R
R
CE
R Ri i
u ¦   (4) 
The total carbon emission of given process (PCE) is: 
     TPlEMP CECECECE
R CEi
 ¦                    (5) 
Where MCE, ECE, PlCE and TCE are carbon emissions 
due to material, energy, plant inputs and transportation 
use, respectively.  
4. Low Carbon Planning and Operation  
The implementation of the approach proposed in 
section 3 allows the way towards developing low-carbon 
production systems, as it is capable of dealing with the 
complexity involved in carbon emission calculation for 
various processes in production systems. Thus it ensures 
the full coverage of all emission related aspects in the 
systems and enable the derivation of low carbon 
strategies for system planning. 
The planning and operation of low carbon production 
systems is divided into four steps.  
The first step is collection of the process data and 
calculation of the emissions of the existing production 
systems. The carbon emission assessment provides 
emission transparency right back to the design process. 
The detailed calculation proceeding has been introduced 
in section 3. Having the results of carbon emission 
calculation, process emission intensity can be identified.  
The second step is formulation of company low-
carbon strategy and establishment of production carbon 
emission target. The strategy and the carbon emission 
target will be established according to the major global 
and regional laws, regulations and customer requirement 
as well as with the plant capacities and the current 
emission situation.  
The third step is process planning and evaluating. 
This step is an important enabler for low-carbon 
manufacturing. Based on the results of above mentioned 
two steps a number of renewed process scenarios can be 
proposed in consideration of product specification, pre-
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products suppliers selecting and operational site 
efficiency. The resource consumption for each process 
scenario has to be investigated. With resource 
investigation and preliminary carbon emission 
calculation the best scenario can be determined. The 
available technologies, appropriate equipment and layout 
are also determined in iterative process evaluating and 
selecting. New algorithms for re-planning and 
reconfiguring process plans should be developed to 
ensure the efficiency of this process. 
The last step is implementation of the planning results 
and execution of processes. With implementation new 
process data can be collected and analyzed. Comparing 
the emission results with the strategic emission target, 
modifications and adaptations are necessary and can be 
executed in next production planning stage. Low-carbon 
optimization of the production systems is a continuous 
improvement process. Operational decisions can be 
made to improve the resource efficiency and optimize 
the layout and operation of facilities.  
5. Summary  
The transition to a low-carbon manufacturing requires 
detailed information of carbon emission. This paper 
investigated the production systems considering carbon 
emission and reviewed the related regulations and 
academic efforts. A hybrid analysis was proposed for 
systematical carbon emission assessment by analyzing 
process resource consumption in product manufacturing. 
This approach will help plant manager choose the 
manufacturing processes and resources that have fewer 
emission impacts, thus it supports the planning and 
operation of low-carbon production systems. This 
approach can further support more detailed LCA studies, 
by providing a greater insight in carbon emission 
analysis in manufacturing phase of a product life-cycle. 
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